We examined the contribution of actin-myosin contraction to the modulation of human umbilical vein endothelial cell focal adhesion caused by histamine and thrombin. Focal adhesion was measured as the electrical resistance across a cultured monolayer grown on a microelectrode. Actin-myosin contraction was measured as isometric tension of cultured monolayers grown on a collagen gel. Histamine immediately decreased electrical resistance but returned to basal levels within 3-5 min. Histamine did not increase isometric tension. Thrombin also immediately decreased electrical resistance, but, however, resistance did not return to basal levels for 40-60 min. Thrombin also increased isometric tension. ML-7, an inhibitor of myosin light chain kinase, prevented increases in myosin light chain phosphorylation and increases in tension development in cells exposed to thrombin. ML-7 did not prevent a decline in electrical resistance in cells exposed to thrombin. Instead, ML-7 restored the electrical resistance to basal levels in a shorter period of time (20 min) than cells exposed to thrombin alone. Also, histamine subsequently increased electrical resistance to above basal levels, and thrombin initiated an increase in resistance during the time of peak tension development. Hence, histamine and thrombin modulate endothelial cell focal adhesion through centripetal and centrifugal forces. (
Introduction
Edemagenic agents disrupt endothelial focal adhesion between cell-cell and between cell-matrix contact sites (1) (2) (3) (4) (5) . The mechanism that regulates this phenomena is not precisely understood. Several lines of evidence suggest that focal adhesion is regulated by an opposing interaction between centrifugal tethering forces applied to cell-cell and cell-matrix sites that maintain cell adhesion, and centripetal forces, mediated, in part, by actin-myosin tension (1, (6) (7) (8) (9) (10) . Based on this paradigm, centripetal actin-myosin contraction could disrupt centrifugal tethering forces and cause a loss of focal adhesion. Alternatively, a resting centripetal tension could effect centripetal movement of the cell cortex, if centrifugal tethering were disrupted.
Several pieces of data support these hypothesis. Pitelka et al. observed centripetal movement of the cortex of epithelial cells when centrifugal tethering was disrupted by chelation of extracellular calcium (11) . Kolodney and Wysolmerski observed that thrombin increased centripetal isometric tension in cultured human umbilical vein endothelial cells (HUVEC) 1 (6) . More recently we found that inhibition of myosin light chain phosphorylation reduced centripetal movement of endothelial cells after exposure to histamine or after chelation of extracellular calcium (8) .
In this manuscript, we investigated the precise role of centripetal actin-myosin tension on changes in endothelial cell focal adhesion by asking: ( a ) is centripetal isometric tension development Cell culturing. Cultured HUVEC were prepared by collagenase treatment of freshly obtained human umbilical veins as described (3) . Harvested primary cultures designated for cell-adhesion assays were plated on 60-mm tissue culture plates that were coated with 100 g/ ml of fibronectin (Collaborative Research Inc., Bedford, MA). Cells designated for tension experiments were plated on 100-mm fibronectin-coated plastic dishes. Cells designated for phosphorylation and peptide mapping were plated on 25-mm polycarbonate filters coated with fibronectin. Experiments were conducted after cultures reached 2-d postconfluency. All cells were cultured in medium 199 and supplemented with 20% heat-inactivated FCS, basal medium Eagle vitamins and amino acids, glucose (5 mM), glutamine (2 mM), penicillin (100 U/ml), and streptomycin (100 g/ml). Cultures were identified as endothelial cells by their characteristic uniform morphology, uptake of acetylated LDL, and by indirect immunofluorescent staining for Factor VIII.
Measurement of isometric tension. Isometric tension in cultured endothelial cells was measured using a modification of the technique described by Kolodney and Wysolmerski (6) . A mold measuring 25-mm in width ϫ 85-mm in length ϫ 20-mm in depth was constructed and placed in the center of a 100-mm polymethylpentene petri dish and filled with Sylgard 186 silicone elastomer (Crown Distributing Inc., Bridgeton, MO) and allowed to harden overnight. The molds were removed the next day which created an experimental chamber. Porous polyethylene bars measuring 8 cm in length ϫ 5 mm in width were cut from 6-mm thick stock sheets (Fisher Scientific Corp., Santa Clara, CA). Strips of velcro were machine sewn to one side of each bar with nylon thread. Polyethylene bars were alcohol treated, boiled in water, and, finally, gas sterilized at room temperature along with the experimental chamber. 5 ml of an unpolymerized collagen mixture (4.6 ml of vitrogen collagen, 6.4 ml of 2 ϫ DME Media [with 10% FCS and 100 U/ml penicillin and 100 g/ml of streptomycin, 2 mM glutamine with basal medium Eagle vitamins and amino acids], 2.0 ml of FCS) was poured between the two polyethylene bars and allowed to polymerize overnight at 37 Њ C. Stock solutions were maintained at 4 Њ C to prevent premature polymerization, and the pH of the collagen mixture was confirmed at ‫ف‬ 7.4 using pH paper. The next day, the polymerized gel was then equilibrated for 3 h with M199 media with 20% FCS. Afterwards, media was aspirated, and the surface of the collagen was rinsed well with PBS. The collagen matrix was inoculated with ‫ف‬ 4.0 ϫ 10 6 cells after the surface of the membranes were coated with 100 g/ml of fibronectin for 15 min. Cell were grown in M199 supplemented with 20% FCS. Tension experiments were conducted after cultures were 2-d postconfluency. For an experiment, one end of a 3.5-in., 25-gauge spinal needle was attached to the midpoint of one polyethylene bar and the other end was attached to an x,y,z-multiaxis stage manipulator (Medical Instruments, University of Iowa). The end of a second needle was attached to the midpoint of the other polyethylene bar while the other end of the needle was affixed to an isometric force transducer (52-9545; Harvard Apparatus Co., S. Natick, MA). The force transducer was internally recalibrated so that it could measure tension in both the vertical and horizontal axis (Eric LaWhite Co., S. Royalton, VT). The force transducer was interfaced with an analog digital converter board (National Instruments Corp., Austin, TX). Data acquisition was controlled with Lab View Software (National Instruments). High frequency electrical noise was filtered with a low-pass filter (National Instruments). Before each experiment, the transducer was calibrated with a series of weights ranging from 10 to 500 mg. The experimental chamber was filled with media so that the collagen-bars floated in order to limit the amount of friction. All measurements were conducted at 37 Њ C in humidified 5%CO 2 /95% air atmosphere. Since phosphorylation and cell resistance studies were conducted under non-prestressed conditions, we deliberately measured isometric tension under similar non-prestressed conditions. We used the following protocol to accomplish this. The output from the transducer was monitored for 30 min without a load to confirm that the force transducer maintained a steady baseline. The transducer was then offset to zero. The collagen matrix was then attached to the transducer. Approximately 5-10 mg of prestress was placed on the collagen gel to ensure that the membrane was sufficiently straightened and all connections were secured. The transducer was offset to ‫ف‬ 30-40 mg which represented the approximate amount of constitutive tension. The transducer was monitored for an additional 30 min to assure that no drift in the baseline occurred. To differentiate a valid increase in isometric tension generated by the cytoskeleton from a nonspecific mechanical deflection of the force transducer, we compared the response of our test agents with a sham response which consisted of a comparable volume of carrier buffer as the test agent. Tension development was considered valid if it could be abolished by 1 g/ml of cytochalasin D and it exceeded a sham response (6, 12) . In some experiments tension was normalized to the initial value and expressed as a fraction of the normalized value. Nonspecific tension development generated from the sham response was subtracted from the actual measured tension of each test agent to more accurately reflect the expressed tension for histamine and thrombin. For example, if thrombin increased tension by 50% and the sham response increased by 10% at the corresponding time point, then a fraction of 1.4 was reported for thrombin.
Focal adhesion assay. Focal adhesion was measured using the technique previously reported by Keese and Giaever (13) (14) (15) (16) . In this system, referred to as an electrical cell-substrate resistance sensor (ECIS), the cells were cultured on a small gold electrode (10 Ϫ 4 cm 2 ), and culture media was used as the electrolyte, and focal adhesion was measured dynamically by determining the electrical resistance of the monolayer. The total resistance across the monolayer is composed of the resistance between the ventral surface of the cell and the electrode and the resistance between cells (15). Thus, a change in electrical resistance represents a change in cell-cell adhesion and/or cellmatrix adhesion. Change in resistance does not reflect a local change in the conductivity of the media due to the transcellular transport of ions secreted by the endothelium. The constrictive resistance, or the resistance of the surrounding media, contributes to only ‫ف‬ 10-15% of the total resistance of a cell-covered electrode (15, 17) . For the electrical resistance to decrease by 50%, the endothelium would need to secrete and increase the total amount of ions in the media by three to fivefold. It is very unlikely that the cells could release enough ions to accomplish this.
Electrodes were prepared in a manner similar to that described by Keese and Giaever (13) (14) (15) . ECIS electrode arrays were fabricated by Applied Biophysics, Inc. (Troy, NY). The completed electrodearray mounts into a holder that makes electrical contact through the gold contact pads and is connected to the ECIS instrumentation. The small electrode and the larger counter electrode (1 cm 2 ) were connected to a phase-sensitive lock-in amplifier (5301A; EG&G Instruments Corp, Princeton, NJ) with a built in differential preamplifier (5316A; EG&G Instruments Corp.). A 1 V, 4,000 Hz AC signal was supplied through a 1-M ⍀ resistor to approximate a constant-current source. Voltage and phase data were stored and processed with an IBM-compatible computer. The same computer also controlled the output of the amplifier and relay switches to different electrodes. The critical feature of the setup is the surface area of the small electrode. At a surface area of 10 Ϫ 4 cm 2 and 4,000 Hz, changes in cell resistance are clearly revealed. For experiments, electrodes were coated with 100 g/ml of fibronectin for 30 min. HUVECs were inoculated on electrodes at a confluent density of 10 5 cells/cm 2 . The in-phase voltage (proportional to the resistance) and the out-of-phase voltage (proportional to the capacitance) were measured. Electrical resistance increased immediately after cells attached and covered the electrodes and the resistance achieved a steady state by 24 h (Fig. 1) . By 24 h the monolayer covering the ECIS electrode achieved confluence when looked at under a microscope, and, thus, experiments were conducted after the electrical resistance achieved a steady state. Experiments were conducted on wells which achieved Ͼ 5,000 ohms of steady state resistance. Focal adhesion was expressed by the inphase voltage (proportional to the resistance) which was normalized to the initial voltage and expressed as a fraction of the normalized value.
Measurement of myosin light chain phosphorylation. Identification and quantitation of the phosphorylation of the 20-kD myosin light chain was accomplished by laser densitometry of two-dimensional gels of MLC 20 isoforms immunoprecipitated from 35 S-labeled cells according to the procedure described by Ludowyke and Adelstein (18) and subsequently modified as we have described (1). Stoichiometry was calculated by determining the relative fraction of phosphorylated isoforms to all isoforms according to the expression: stoichiometry ϭ fraction of monophosphorylated isoform ϩ 2 ϫ fraction of diphosphorylated isoforms.
Phosphorylation of the 20-and 19.7-kD isoforms were not statistically different, and the average phosphorylation of the two isoforms is reported.
Peptide mapping of tryptic peptide fragments. Generation of twodimensional peptide maps of phosphorylated tryptic peptides were performed in 32 P-labeled unstimulated cells and cells exposed to thrombin as we previously described (1). In addition, one-dimensional peptide maps were constructed from light chains immunoprecipitated from 32 P-labeled HUVE cells as described by Daniel and Sellers (19) . Briefly, immunoprecipitate was dissolved in SDS sample buffer and separated on an 8-15% polyacrylamide gradient gel as described (1). The washed, dried gel slices were minced and suspended in 950 l 100 mM NH 4 CO 3 , pH 8.0, and digested for 24 h in 1 mg/ml TPCK trypsin at 37 Њ C. Additional trypsin was added for 5 more h. The supernatant was aspirated and lyophilized in a speed vac (Savant Instruments, Inc., Farmingdale, NY). The dried sample was dissolved in 50 l of the NH 4 CO 3 and applied to the gel in a 2 ϫ 2 mm piece of filter paper, as described by Daniel (19) .
Samples were electrophoresed on a 0.5-mm thick 7% polyacrylamide gel mounted in a Multiphor II Electrophoresis System (Pharmacia LKB Biotechnology Inc., Piscataway, NJ). The gel was preelectrophoresed for 10 min at 30 W, 1,000 V before addition of the sample. The sample in the filter paper was added to the cathode side, and then the gel was electrophoresed for 1 h at 1,000 V. The gel was removed and dried and then exposed to x-ray film to develop the autoradiogram. Standards of myosin light chain phosphorylated by myosin light chain kinase were prepared as we have described (1) .
Statistical analysis. Data was reported as means Ϯ standard errors (SE). Comparisons between groups were made using the Student t test. Comparisons between more than two groups were made using ANOVA. Differences were considered significant at the P Յ 0.05 level.
Results

Thrombin mediates MLC 20 phosphorylation through MLCK.
To verify that MLCK mediated MLC 20 phosphorylation in HUVEC in response to thrombin, we examined the peptide map pattern of tryptic fragments of MLC 20 phosphorylated under controlled and thrombin-stimulated conditions. Using a two-dimensional peptide map separation technique, (Fig. 2 A ) control or thrombin stimulated-cells generated a peptide map pattern that was consistent with the two-dimensional peptide map of the in vitro standard for MLCK. Additionally, tryptic digests were also separated by a one-dimensional isoelectric focusing technique previously described (Fig. 2 B ) (19) . The peptide map pattern for control and thrombin stimulated cells was the same as the in vitro standard for MLCK. These results confirm that MLCK mediated light chain phosphorylation in response to thrombin.
The effect of thrombin on isometric tension in cultured endothelial cells. We next confirmed that thrombin increased isometric tension in cultured HUVEC using the technique previously reported by Kolodney and Wysolmerski (6) (Fig. 3) . Upon exposure to 7 U/ml of thrombin, tension increased as early as 30 s and achieved maximal levels within 8-12 min. The change in isometric tension observed with thrombin exceeded the response observed with the sham, indicating that tension development did not occur because of a nonspecific deflection of the force transducer. Also, the amount of force generated by thrombin was abolished by the subsequent addition of cytochalasin D, suggesting that tension development was mediated through the actin-cytoskeleton. Thrombin also caused similar increases in isometric tension at doses of 0.1, 1.0, and 7 U/ml (Fig. 4) . After exposing the monolayer to 0.1 U/ml of thrombin, there was little to no increment in tension development with the subsequent addition of doses of 1 and 7 U/ml. Doses of 7 U/ml of thrombin were used in following experiments because it displayed maximal changes in electrical resistance (demonstrated later).
The dependence of tension development on increased MLC 20 phosphorylation and MLCK. We observed a temporal relationship between MLC 20 phosphorylation and isometric tension in cultured HUVEC's in response to thrombin (Fig.  5) . Thrombin (7 U/ml) increased phosphorylation from 0.39 Ϯ 0.2 moles of phosphate per mole of light chain (mP/ mMLC) to a peak of 0.89 Ϯ 0.1 mP/mMLC at 15 min. Phosphorylation subsequently decreased to 0.6 Ϯ 0.008 mP/mMLC at 20 min, 0.52 Ϯ 0.04 mol at 30 min, and 0.51 Ϯ 0.02 mol at 45 min. Changes in isometric tension paralleled changes in MLC 20 phosphorylation in response to thrombin. Tension development increased and achieved maximal force generation at 12 min and subsequently decreased to submaximal levels (Fig. 5) .
At concentrations of 0.1, 1, and 7 U/ml thrombin caused similar increases in tension (Fig. 4) . These same concentrations increased MLC phosphorylation from 0.41 Ϯ 0.03 mP/mMLC to 0.82 Ϯ 0.05, 0.81 Ϯ 0.04, and 0.76 Ϯ 0.03 mP/MMLC in 10 min, respectively ( n Ն 7 for each group).
Thrombin increased tension and phosphorylation by 57.6 Ϯ 6.1 mg and 0.5 Ϯ 0.09 mP/mMLC, respectfully, within 15 min (Table I) . To determine if tension development in response to thrombin is dependent on MLCK-mediated increases in light chain phosphorylation, we compared the changes in phosphorylation and tension in cultured HUVEC exposed to thrombin in the presence and absence of ML-7, an inhibitor of MLCK (Table I) . 100 M ML-7 alone decreased tension by 18.1 Ϯ 8 mg within 30 min, while phosphorylation decreased by 0.084 Ϯ 0.04 mP/mMLC in the same time interval. Additionally, pretreatment with ML-7 prevented an increase in tension and phosphorylation in cells exposed to thrombin. Tension did not change ( ϩ 0.37 Ϯ 1.7 mg from the level established after ML-7 alone), and phosphorylation did not change ( Ϫ 0.01 Ϯ 0.03 mP/ mMLC) in thrombin-stimulated cells that were pretreated with ML-7.
10 M histamine increased phosphorylation by 0.22 Ϯ 0.03 mP/mMLC (achieving an absolute level of 0.44 Ϯ 0.03 mP/ mMLC) within 15 s but did not significantly increase tension S-methionine was isolated by immunoprecipitation of myosin and separated by two-dimensional gel electrophoresis and quantitated by laser densitometry as described in Methods. Phosphorylation and tension experiments were executed separately in cells exposed to 7 U/ ml of thrombin. Data are reported as the meansϮSE. Each data point for tension represents an n ϭ 13 and each data point for phosphorylation represents an n ϭ 3. Isometric tension, expressed as the change in force (milligrams) from the sham response, is reported with the stoichiometric change in phosphorylation in cultured HUVEC exposed to sham, 7 U/ml of thrombin for 15 min, 100 M ML-7 for 30 min, 100 M ML-7 for 30 min followed by 15-min exposure to thrombin, and 10 M histamine for 15 s. Data are reported as the meansϮSE and each data represents an n ϭ 3. *P Ͻ 0.05; ‡ NS.
( Table I ). The absence of detectable increases in tension did not represent a malfunction of the assay system since subsequent addition of thrombin to the same monolayer increased tension (data not shown). The histamine-stimulated increase in phosphorylation is consistent with our previously reported increases of 0.19Ϯ0.05 mP/mMLC at 30 s, 0.17Ϯ0.04 mP/ mMLC at 90 s, and a return to basal levels by 5 min (1).
Relationship between actin-myosin contraction and focal adhesion. To quantitate focal adhesion we measured the electrical resistance across monolayers that had achieved a steady state resistance on the microelectrode. Thrombin caused a dose-dependent immediate, but transient, decline in the electrical resistance in response to doses of 0.1, 1.0, and 7.0 U/ml of thrombin (Fig. 6 ). At 7 U/ml, thrombin decreased the electrical resistance by 50-60% at 90 s, and required ‫ف‬ 60 min before the resistance returned to basal levels.
To precisely understand how centripetal tension contributes to changes in focal adhesion, we examined the relationship between isometric tension and electrical resistance in monolayers exposed to thrombin and histamine. We observed that changes in electrical resistance did not parallel changes in isometric tension in cells exposed to thrombin. The time course for isometric tension lagged behind changes in electrical resistance in cultured monolayers exposed to thrombin (Fig. 7 A) . Thrombin maximally decreased the electrical resistance by 90 s while full tension development was not achieved until 8-12 min after exposure. At time points when tension was maximally expressed, restoration of electrical resistance was already initiated.
Since ML-7 prevented actin-myosin contraction, we were interested to know if ML-7 would affect the decrease in resistance caused by thrombin. Pretreatment of cells with ML-7 did not prevent the decrease in resistance caused by thrombin (Fig. 7 B) .
10 M histamine immediately, but transiently, disrupted electrical resistance, independent of an increase in isometric tension (Fig. 7 C) . Histamine decreased resistance by 30% over a 3-5 min period, while tension did not change over the same time period. The electrical resistance recovered to basal levels within 3-5 min. Interestingly, histamine caused a subsequent increase in the electrical resistance, indicating an increase in focal adhesion.
Although ML-7 did not prevent the decline in resistance in cells exposed to thrombin, ML-7 did hasten the recovery of electrical resistance in monolayers exposed to thrombin (Fig.  8) . The electrical resistance recovered to basal levels within 20 min in thrombin exposed cells pretreated with ML-7, com- Represents the relationship between tension and electrical resistance in monolayers exposed to 7 U/ml of thrombin; (B) represents the relationship between tension and electrical resistance in thrombin-stimulated monolayers pretreated with 100 M ML-7; (C) represents the relationship between isometric tension and electrical resistance in monolayers exposed to 10 M histamine. Isometric tension and the electrical resistance are reported as the means of Ն 4 separate experiments. See text for discussion.
pared to 45-60 min in cells treated with thrombin alone. Additionally, ML-7 caused the electrical resistance to increase to above basal levels in thrombin-exposed cells. Hence, actinmyosin contraction seemed to delay the restoration of resistance but was not necessary for the initial decrease.
The effects of ML-7 on restoration of electrical resistance were not caused by nonspecific inhibition of other kinases such as protein kinase C. In HUVE cells activation of protein kinase C with 1 ϫ 10 Ϫ7 M phorbol 12,13 dibutyrate increased electrical resistance 20% within 40 min. Hence, inhibition of protein kinase C would not be likely to restore resistance more rapidly.
Discussion
Disruption of endothelial focal adhesion is a hallmark of inflammatory edema. Integrin receptor and junctional proteins are coupled to the actin-cytoskeleton so that cytoskeletalbased mechanical forces modulate sites of focal adhesion. We and others have hypothesized that edema formation is determined by a balance between centrifugal forces, forces that tether cells to each other and to the underlying substrate, and centripetal forces, in part, due to actin-myosin tension (1, (7) (8) (9) (10) (20) (21) (22) (23) . However, it is still unknown how edemagenic agents precisely change the relationship between centripetal and centrifugal forces and alter focal adhesion. In this manuscript we demonstrate that histamine and thrombin modulate endothelial focal adhesion through mechanisms dependent and independent of centripetal actin-myosin contraction.
Histamine and thrombin initiated a disruption of focal adhesion independent of centripetal actin-myosin contraction. Histamine caused an immediate but transient decline in electrical resistance in the absence of detectable increased isometric tension. Similarly, thrombin initiated an immediate decline in electrical resistance before full tension development was achieved. More significantly, thrombin decreased the electrical resistance in monolayers pretreated with ML-7, at doses that prevented tension development and prevented an increase in light chain phosphorylation. Hence, histamine and thrombin initiate a decrease in focal adhesion without increasing centripetal tension.
Although the initial disruption of focal adhesion was independent of actin-myosin contraction, centripetal force generated by actin-myosin contraction caused a more sustained decline in electrical resistance. Histamine, which did not increase centripetal tension, decreased resistance for 3-5 min. In contrast, thrombin, which increased tension by 50 mg, decreased resistance for 40-60 min. When ML-7 prevented tension development, thrombin decreased the electrical resistance for only 20 min. Hence, expression of centripetal tension prolonged the time until recovery of focal adhesion.
The restoration of focal adhesion in response to histamine and thrombin, especially in the presence of increased centripetal tension, is particularly interesting because it suggests a simultaneous recruitment of centrifugal forces that reseal focal adhesion sites that are disrupted. The presence of activated centrifugal forces is supported by three important observations. First, histamine restored electrical resistance to above basal levels. Second, thrombin initiated restoration of the electrical resistance despite the continued expression of centripetal tension. Third, in cells pretreated with ML-7, thrombin restored electrical resistance to above basal levels. Restoration of endothelial focal adhesion does not appear to occur because of relaxation of actin-myosin tension alone. Instead, recruited centrifugal forces balanced centripetal forces to restore focal adhesion.
Ingber and others have evoked the concept of tensegrity, a balance of continuous series of tensile elements opposed by discontinuous series of compressive-resistive elements, to explain how mechanical cellular forces regulate cell shape (20) (21) (22) (23) . The tensegrity paradigm is determined by the opposing interaction of centripetal mechanical forces generated by microfilaments which are resisted by extracellular forces at points of attachment between adjacent cells and between cells and the underlying substrate. In support of the tensegrity paradigm, previous reports in permeabilized endothelial-cells have demonstrated sustained centripetal cell movement in response to high micromolar levels of calcium and ATP, presumably through actin-myosin contraction (9, 10, 24) . Using this same model, Wysolmerski and Lagunoff demonstrated that microfilament retraction required MLCK and calmodulin, demonstrating that phosphorylation of the MLC 20 was required for centripetal tension (9) .
Although our results are in agreement with the tensegrity paradigm in which an imbalance between centripetal and centrifugal forces alters focal adhesion, increased centripetal tension does not initiate disruption of focal adhesion. A yet unidentified process initiates disruption of focal adhesion. Unopposed expression of basal centripetal tension, through the primary disruption of calcium-dependent or calcium-independent focal adhesion complexes, could initiate loss of focal adhesion (8, 11, 25, 26) . Consistent with this hypothesis, we observed that reduction of MLC 20 phosphorylation attenuated cell retraction in response to the breakdown of calcium-dependent adhesion sites (8) .
Our in vitro observation that histamine causes a very transitory loss of focal adhesion is supported by in vivo reports (27, 28) . In single vessels of rat mesentery, Wu and Baldwin observed that histamine caused transient gap formation between adjacent cells for 2-5 min (28). These observations support the significance of our own observations with cultured cells and the concept of centripetal and centrifugal forces rapidly modulating focal adhesion.
It is important to integrate these observations into effects of these agents on endothelial permeability. A measurement of diffusion or convection of macromolecules across an endothelial monolayer reflects the formation of gaps over time. These gaps need to be open long enough to detect the change in the rate of movement of the marker. Hence, the diffusion represents both the loss of focal adhesion and the rate of its resolution. Molecules that mediate centripetal actin-myosin contraction and sustain a loss of focal adhesion would create greater gap formation over time than molecules that do not contract actin-myosin filaments. Thus, activation of actin-myosin contraction may explain the greater increase in permeability observed with thrombin than with other mediators (29) .
We observed that increased isometric tension in HUVE cells in response to thrombin was dependent on MLCK-mediated increases in MLC 20 phosphorylation. This is supported by the following evidence: Thrombin increased MLC 20 phosphorylation and thrombin increased tension. These events were parallel in time. Thrombin-stimulated increases in MLC 20 phosphorylation were mediated by MLCK based on peptide map analysis of phosphorylated tryptic fragments. ML-7, an MLCK inhibitor, inhibited increased MLC 20 phosphorylation and tension development. These observations are consistent with those of Goeckeler and Wysolmerski which were published while this manuscript was in review (30) . They also found that tension development by thrombin stimulated HUVE cells temporally paralleled changes in MLC 20 phosphorylation.
The difference in tension developed by histamine and thrombin may be due to differences in the amount of light chain phosphorylation. Histamine increased phosphorylation to 0.44 mP/mMLC while thrombin increased phosphorylation to over 0.8 mP/mMLC. Myosin light chain phosphorylationdependent granule secretion, smooth muscle contraction, and fibroblast contraction are associated with light chain phosphorylation to 1.0, 0.8, and 0.7 mP/mMLC, respectively (12, 18, 31) . Persechini and Hartshorne demonstrated in vitro that smooth muscle myosin ATPase activity increased exponentially when MLC 20 phosphorylation exceeded 0.5 mP/mMLC (32) . They hypothesized that a cooperative interaction between the myosin heads occurs when at least one myosin head is phosphorylated. When we conducted a dose response to thrombin, in the range of doses that caused changes in focal adhesion, we found no differences in phosphorylation or tension. Without a clear dose response to thrombin in terms of phosphorylation and tension it is possible that other signaling events activated by histamine also affect tension development, and our observations might not be indicative of a simple dose response effect of phosphorylation.
In summary, edemagenic agents like histamine and thrombin initiate a disruption of endothelial focal adhesion independent of actin-myosin contraction. Although centripetal actinmyosin contraction did not initiate disruption of focal adhesion, actin-myosin contraction delayed restoration of focal adhesion. These data demonstrate that edemagenic agents modulate endothelial focal adhesion by altering the balance of opposing centripetal and centrifugal forces. Further investigation is needed to identify additional molecular mechanisms that contribute to the forces and how they are regulated.
